Arabidopsis basic leucine zipper transcription factor VIRE2-interacting protein 1 (VIP1) changes its localization from the cytosol to the nucleus when cells are subjected to mechanical or hypo-osmotic stress, although the mechanism of this change is not known. In this study, we show that change in VIP1 subcellular localization is synchronized with a change in the VIP1 phosphorylation state that is induced by mechanical/hypo-osmotic stress. VIP1 has three phosphorylatable serine residues in HXRXXS motifs, which are 14-3-3-binding targets. Mutations of these residues results in the lack of 14-3-3 binding and prevents cytosolic localization of VIP1. These results suggest that dephosphorylation of VIP1 resulting from mechanical or hypo-osmotic stress induces nuclear localization via 14-3-3 dissociation.
Plants can sense and respond to mechanical stimuli, such as touch, wind, rainfall, and gravitational forces. For example, mechanical stresses can result in reduced elongation and thicker stems in most plants [1] [2] [3] . Rainfall itself could be mechanical stimulus for plants. In addition, rain promotes flow of water into plant cells and increases turgor pressure, which the plant senses as cell wall strain. In fact, hypo-osmotic stress can lead to mechanical stress in plant cells [4, 5] . Although there is research that proposes the existence of mechanoreceptors [6] [7] [8] , mechanical signaling [2, [9] [10] [11] [12] in plants, including mechanical stress signaling, is not well understood. Interestingly, mechanical and hypo-osmotic stresses transiently induce nuclear localization of Arabidopsis basic leucine zipper (bZIP) group I protein VIRE2-interacting protein 1 (VIP1) and other group I proteins [13] [14] [15] . This suggests that bZIP and VIP1 play a role in mechanical/hypo-osmotic stress signaling.
A model of the VIP1 nuclear localization mechanism has been proposed [16] , but several reports raised the issue with this model [14, 17] . On the other hand, the nuclear/cytoplasmic localization mechanism of the tobacco VIP1 homolog repression of shoot growth (RSG) has been studied in detail. RSG is a bZIP group I transcriptional activator in tobacco that regulates the transcription of gibberellin biosynthetic genes [18] . Subcellular localization of RSG is regulated by phosphorylation of serine residue with Ca 2+ -dependent protein kinase (CDPK) [19] . Serine or threonine residues in particular motifs are binding targets of 14-3-3 proteins, a family of adaptor/scaffolding proteins that are involved in numerous signal transduction pathways through protein-protein interactions [20] . RSG has a derivative of the mode I 14-3-3 binding motif (R/K)XX(pS/pT)X(P/-) [21] . Indeed, it has been shown that phosphorylated serine residue in this motif is a binding target for 14-3-3 proteins and 14-3-3-binding sequesters RSG in the cytoplasm [22, 23] .
Although Tsugama et al. [13, 15] suggests that mechanical and hypo-osmotic stresses induce nuclear localization of VIP1, the detailed mechanism has not yet been examined. In this study, we demonstrate that Abbreviations bZIP, basic leucine zipper; CDPK, Ca 2+ -dependent protein kinase; Co-IP, coimmunoprecipitation; RSG, repression of shoot growth; TCA, trichloroacetic acid; VIP1, VIRE2-interacting protein 1.
both mechanical and hypo-osmotic stresses induce VIP1 dephosphorylation and that subcellular localization of VIP1 is regulated by the VIP1 phosphorylation state and binding of 14-3-3 proteins, similar to RSG. Our results shed light on a dephosphorylationmediated mechanical/hypo-osmotic stress signal transduction pathway.
Materials and methods

Plant material and growth condition
Arabidopsis thaliana (Col-0) plants were grown in a 16-h light/8-h dark rotation at 22°C. Seeds were sterilized and sown on half strength MS medium containing 0.8% agar and 0.5 gÁL À1 morpholinoethanesulfonic acid (pH 5.8) after dark incubation at 4°C for 72 h. Arabidopsis transformation was accomplished with the Agrobacterium-mediated floral-dip method [24] and T2 plants were used for analysis.
Plasmid construction
A restriction enzyme site and template DNA can be referenced in the primer list (Table S1 ). The PCR products were cloned in the pGEM-T Easy Vector System I (Promega, Madison, WI, USA). The point mutations were introduced by whole plasmid mutagenesis [25] . The 39HA tag was generated by the inverse PCR method. The 49Myc tag was cloned from pGWB20 [26] into the XbaI and SacI sites of the pMOE [27] . The GFP fragments were cloned from pJ4-GFP [23] into the XbaI and SacI sites of the pMOE. To generate the VIP1 (WT and variants)-49Myc or VIP1 (WT and variants)-GFP, VIP1 (WT and variants) were cloned into BamHI and PstI sites of pMOE/49Myc or pMOE/ GFP. To generate pMOE/39HA-GFP, GFP was cloned from pGEM/GFP into XbaI and SacI sites of pMOE/ 39HA. To generate pMOE/39HA-At14-3-3v, At14-3-3v was cloned into BamHI and PstI sites of pMOE/39HA. To generate pMOE/mRFP-49Myc, mRFP was cloned into NotI and EcoRI sites of pMOE/49Myc. To generate the plant overexpressing VIP1-GFP, the fragments in pMOE/VIP1 (WT)-GFP were transferred to pBI/attR [27] using Gateway LR Clonase (Thermo Fisher Scientific, Waltham, MA, USA). To generate alcohol-inducible expression plants, plasmid constructs were prepared. The attR1, ccdB, and attR2 gene fragments were transferred into SalI sites of pACN to generate pACN/attR. pACN/attR was cloned into the HindIII sites of pJH0022 to generate pJH0022/attR. This plasmid was named pAIG. GFP and GFP-VIP1 (containing VIP1 variant) gene fragments were cloned into the BamHI and XhoI sites of pENTR1A (Thermo Fisher Scientific). Then, GFP and GFP-VIP1 fragments were transferred to pAIG using Gateway LR Clonase (Thermo Fisher Scientific).
Fluorescence microscopy
Green fluorescent protein fluorescence was observed using a Zeiss LSM Pascal confocal laser scanning microscope (Zeiss, Oberkochen, Germany) or an OLYMPUS BX51 fluorescence microscope (OLYMPUS, Tokyo, Japan). Z-stack assemblies of 1.5-2-lm slices spanning entire protoplasts were used for three-dimensional visualization. After image acquisition, each set of lambda 3D confocal z-stacks was blended and generated by ZEN 2011 software (Zeiss).
Protoplast transient expression assay
Protoplast isolation and transient expression using Arabidopsis was performed according to method established in Yoo et al. [28] . For phosphorylation analysis and coimmunoprecipitation (Co-IP) assays, aliquots with~40 000 protoplasts were transformed with 15 lg of plasmid. For subcellular localization assays, aliquots with~10 000 protoplasts were transformed with 5 lg of plasmid.
Detection of phosphorylation
The VIP1-GFP-overexpressing plants and protoplasts were lysed in 200 lL of lysis buffer [50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% (v/v) Triton X, 5 mM EDTA, 1 mM NaF, 1 mM Na 3 VO 4 , 1 mM phyenyl-methylsulfonyl fluonide (PMSF), 0.05% b-mercaptoethanol, Phosphatase Inhibitor Cocktail (Sigma-Aldrich, Gillingham, UK), and Protease Inhibitor Cocktail (Thermo Fisher Scientific)]. After centrifugation at 4°C for 15 min, the supernatant was subjected to a trichloroacetic acid (TCA) precipitation [29] . The supernatant was mixed with 200 lL 50% TCA and put on ice for 30 min. After centrifugation at 4°C for 5 min, the precipitates were washed with ice-cold acetone and dried for 5 min. The pellet was dissolved in SDS loading buffer at 95°C for 5 min. The phosphatase treatment was performed using Calf Intestine Alkaline Phosphatase (CIAP) (TaKaRa, Kusatsu, Japan). After centrifugation of the TCA precipitation, the pellet was dissolved in alkaline phosphatase buffer containing 0.5% SDS. Then, 50 units of alkaline phosphatase were added and the treatment was incubated at 37°C for 1 h. Then, the dephosphorylated sample was treated with the TCA precipitation. The TCA-precipitated proteins were separated on Phos-tag SDS/PAGE gel [17.5 lM Phos-tag (Wako Pure Chemical, Tokyo, Japan), 25 lM ZnCl₂, 357 mM Bis-Tris (pH 6.8), acryl amide (7.5% total concentration of acrylamide and bisacrylamide monomer, 2.5% bisacrylamide concentration) and MOPS running buffer (100 mM Tris, 100 mM MOPS, 0.1% SDS, and 5 mM sodium bisulfite)] according to Kinoshita et al. [30] . After electrophoresis, Phos-tag SDS/PAGE gels were subjected to immunoblot analysis.
Immunoblot analysis
The proteins in the SDS/PAGE gel were transferred onto an Immobilon-P transfer membrane (Merck Millipore, Billerica, MA, USA) and reacted with anti-GFP antibody (MBL, Nagoya, Japan), anti-Myc antibody (MBL), or anti-HA antibody (Roche, Basel, Switzerland). Chemiluminescence was detected (Immobilon Western Chemiluminescent HRP Substrate; Merck Millipore) and quantified with a CCD camera imaging system (ImageQuant LAS-4000; GE Healthcare, Little Chalfont, UK).
Co-IP assay using protoplast
The transfected Arabidopsis protoplast cells were cultured for 12 h and protoplasts were collected and lysed in 400 lL of lysis buffer [20 mM Tris-HCl pH 7.5, 300 mM NaCl, 0.1% (v/v) NP40, 2 mM EDTA, 1 mM NaF, 1 mM Na 3 VO 4 , 1 mM PMSF, 0.05% b-mercaptoethanol, Phosphatase Inhibitor Cocktail (Sigma-Aldrich), and Protease Inhibitor Cocktail (Thermo Fisher Scientific)]. After vortexing vigorously for 30 s, the samples were centrifuged at maximum speed at 4°C for 15 min. The supernatant was incubated with anti-HA antibody (Roche) or anti-Myc antibody (MBL) and 20 lL Dynabeads-proteinG (Thermo Fisher Scientific) for 1 h at 4°C with gentle shaking. The beads were collected by magnet and washed three times with lysis buffer. The coprecipitated proteins were subjected to SDS/ PAGE (Tris/Gly buffer) and immunoblot analysis.
Results
Mechanical and hypo-osmotic stresses induce VIP1 nuclear localization and dephosphorylation
To confirm that mechanical and hypo-osmotic stresses regulate nuclear localization of VIP1, we analyzed the localization of VIP1 in VIP1-GFP-overexpressing plants using fluorescence microscopy. In the time course experiments, we observed nuclear accumulation of VIP-GFP as a result of hypocotyl bending within 10 min and a gradual decrease in VIP1-GFP signal in the nucleus within 60 min (Fig. 1A) . Hypo-osmotic stress induced a similar transient accumulation of VIP1-GFP (Fig. 1B) . These phenomena are thought to result from a change in the import/export balance of VIP1 between the nucleus and cytoplasm. Tsugama et al. [13, 15] observed a similar phenomenon in a touch experiment using a needle and a hypo-osmotic stress treatment. These observations suggest that subcellular localization of VIP1 is regulated similarly in the presence of mechanical and hypo-osmotic stresses.
Reportedly, the nuclear-cytoplasmic shuttling of the closely related VIP1 homolog in tobacco, RSG, is regulated by protein phosphorylation [22] . To examine the relationship between subcellular localization of VIP1 and its phosphorylation state, we analyzed the phosphorylation level of VIP1-GFP in vivo (Fig. 1C) . For Phos-tag SDS/PAGE/immunoblot analysis, the total protein extract from VIP1-GFP-expressing plants was dephosphorylated by CIAP. VIP1-GFP of the CIAP-treated sample migrated faster than that of the nontreated sample, suggesting that VIP1 is phosphorylated in vivo under normal conditions. Next, we examined whether or not mechanical and hypo-osmotic stresses cause dephosphorylation of VIP1 (Fig. 1D ). In the time course experiments, the band corresponding to dephosphorylated VIP1-GFP in Fig. 1C emerged at 15 min after mechanical stress treatment and the band intensity was gradually reduced within 60 min. The hypo-osmotic stress induced a transient dephosphorylation of VIP1 in a similar manner. In both experiments, multiple phosphorylated bands were observed, suggesting that there are various phosphorylation states of VIP1 in vivo. These results suggested the close relationship between VIP1 subcellular localization and the phosphorylation state of VIP1. It is therefore possible that VIP1 dephosphorylation induces VIP1 nuclear localization.
Identification of three phosphorylatable serine residues in VIP1
To further understand the mechanisms of nuclear/cytoplasmic localization of VIP1, we attempted to identify phosphorylated residues of VIP1. First, we focused on the phosphorylated serine residue of RSG. In RSG, S114 in the HXRXXS motif is phosphorylated by CDPK and phosphorylation of S114 in RSG is important for the interaction with 14-3-3 [19, 22] . The HXRXXS motif is conserved in a similar region in VIP1 (S115). Furthermore, we found two additional HXRXXS motifs in VIP1 (S35 and S151; Fig. 2A) . In order to evaluate the importance of HXRXXS motifs, we generated a series of modified VIP1 variants whose serine residues were replaced with alanine (Fig. 2B) .
To identify the phosphorylated serine residues in VIP1, VIP1 alanine variants of the HXRXXS motifs with a 49Myc tag were expressed in Arabidopsis protoplasts and analyzed (Fig. 2C) . The single mutation variants ASS (S35A), SAS (S115A), and SAA (S151A) showed some down-shifted bands. The double mutation variants (AAS, ASA, SAA) showed simpler band patterns than single mutation variants probably because these variants have a single phosphorylated residue. In the triple mutation variant (AAA), no phosphorylated band was observed. These results suggest that all the serine residues in VIP1 HXRXXS motifs could be phosphorylated in plant cells.
The three phosphoserine residues of HXRXXS motifs in VIP1 interact with 14-3-3 proteins
Repression of shoot growth interacts with 14-3-3 proteins through the S114 HXRXXS motif [23] and the VIP1 cognate transcription factor bZIP29 can interact with nine different 14-3-3 proteins [31] . The three HXRXXS motifs in VIP1 are thought to belong to mode I (R/K)XX(pS/pT)X(P/-) [21] . To examine whether HXRXXS motifs in VIP1 bind to 14-3-3
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Generally, one molecule of the 14-3-3 protein binds to one phosphorylated serine or threonine residue [21] , suggesting that one molecule of VIP1 can interact with three 14-3-3 proteins through the three HXRXXS motifs. The Co-IP experiment using At14-3-3v demonstrated that wild-type VIP1 interacts with At14-3-3v, but the alanine-replaced variant with three HXRXXS motifs (AAA) did not interact with At14-3-3v. Variants with a single functional HXRXXS motif (AAS, ASA, SAA) interacted with At14-3-3v, but the band intensities were weaker than that of wild-type VIP1. This suggests that all the VIP1 HXRXXS motifs can interact with 14-3-3 proteins, but the strength of interaction may differ among the motifs.
Cytoplasmic localization of VIP1 requires phosphorylation of serine residues in HXRXXS motifs
The 14-3-3 proteins regulate subcellular localization of target proteins through the interaction with binding motifs [32] . To examine whether phosphorylation of serine residues in the 14-3-3-binding HXRXXS motifs is involved in the cytoplasmic localization of VIP1, we examined subcellular localization of the VIP1 variants in Arabidopsis mesophyll protoplasts (Fig. 4A and Fig. S1 ).
The wild-type VIP1 and variants of one or two HXRXXS motifs (ASS, SAS, SSA, AAS, ASA, or SAA) were localized in both the cytoplasm and nucleus, but several variants (SSA, AAS, ASA, or SAA) had higher nuclear localization than wild-type VIP1. The variant of all the three HXRXXS motifs (AAA) was localized in the nucleus and not the cytoplasm. To confirm this observation, we generated alcohol-inducible GFP-VIP1 (WT) and GFP-VIP1 (AAA) transgenic plants. When these GFP-VIP1 variants were induced with 0.3% ethanol, GFP fluorescence was detected only in the nuclei in GFP-VIP1 (AAA) transgenic plants while GFP fluorescence was observed mainly in the cytoplasm in GFP-VIP1 (WT) transgenic plants under normal conditions (Fig. 4B) . These results suggest that phosphorylated VIP1 is retained in the cytoplasm by binding with 14-3-3 proteins and dephosphorylated VIP1 that cannot bind with 14-3-3 proteins is localized in the nucleus.
Discussion
Tsugama et al. [13, 15] suggests that VIP1 localizes in the cytoplasm under normal conditions and mechanical or hypo-osmotic stress transiently induces translocation from the cytosol to the nucleus [13, 15] . In this study, we illustrate the critical role of VIP1 phosphorylation and interaction between 14-3-3 proteins and VIP1 in subcellular localization. Our data demonstrate that VIP1 is phosphorylated under normal Fig. 3 . Coimmunoprecipitation analysis of 14-3-3v and VIP1 variants. 14-3-3v was immunoprecipitated with anti-HA antibody in total protein extracts from Arabidopsis protoplasts transfected with VIP1-49Myc variants and 39HA-14-3-3v. mRFP-49Myc and 39HA-GFP-expressing samples were used as negative controls. After being transferred to an Immobilon-P transfer membrane, expressed proteins were detected by anti-Myc antibody and anti-HA antibody. The values below the top gel indicate VIP1 signals relative to the signals of immunoprecipitated 39HA-14-3-3v as a loading control. The value of mRFP49Myc as a negative control was set to 1. The asterisk indicates an unknown band. This experiment was repeated three times with similar results.
conditions and mechanical and hypo-osmotic stresses transiently induce dephosphorylation of VIP1, which is largely consistent with the observed change in subcellular VIP1 localization. VIP1 has three HXRXXS motifs and the serine residues of these motifs are phosphorylatable sites under normal conditions. Co-IP and GFP fusion analyses showed that phosphorylated serine residues in the HXRXXS motifs of VIP1 are 14-3-3 proteins binding targets and mutation of these sites reduced cytoplasmic localization activity. These results suggest that the binding of VIP1 with 14-3-3 proteins increases cytoplasmic retention of VIP1, which is similar to the regulation of subcellular localization of RSG. Thus, it is conceivable that mechanical and hypo-osmotic stresses induce dephosphorylation of VIP1 and result in the dissociation of 14-3-3 proteins. The observation that VIP1 is phosphorylated under normal conditions suggests that there is VIP1 kinase in plant cells. In tobacco, CDPK phosphorylates S114 of HXRXXS motifs of RSG, which is conserved in Arabidopsis VIP1. It is possible that Arabidopsis CDPK retains VIP1 in cytosol through VIP1 phosphorylation under normal conditions.
Dephosphorylation is an important process that is necessary for the regulation of VIP1 subcellular localization. Mechanical or hypo-osmotic stress transiently induces dephosphorylation of VIP1, suggesting that Arabidopsis has a VIP1 phosphatase that is activated by mechanical and hypo-osmotic stresses. Van Leene et al. [31] reported that a group I bZIP transcription factor, bZIP29, interacts with regulatory B 0 subunits of the protein phosphatase 2A (PP2A) and PP2A catalytic subunit. It is possible that subcellular localization of VIP1 and other group I bZIP members are regulated by PP2A complexes that are activated by mechanical and hypo-osmotic stresses.
The VIP1 mutant of three HXRXXS motifs (AAA), which cannot interact with 14-3-3 proteins, localizes only in the nucleus. This result suggests that the binding of 14-3-3 proteins might inhibit nuclear import and/or promote the nuclear export of VIP1. VIP1 is a nuclear-cytosolic shuttling protein with a functional nuclear localization signal (NLS) [33] . Tsugama et al. [14] reported that the 164-amino acid truncated version of VIP1 (VIP1DN164), which does not contain the 14-3-3-binding residues but does contain NLS, localizes only in the nucleus. The phenomenon of 14-3-3 proteins acting as nuclear localization regulators has been observed in several other systems [34] [35] [36] . It is possible that under normal conditions the function of VIP1 NLS is inhibited by 14-3-3 protein binding.
Tsugama et al. [13, 14] found that Arabidopsis group I bZIP proteins, PosF21, bZIP29, bZIP52, bZIP69, and bZIP30 exhibited a similar nuclear-cytoplasmic shuttling pattern under hypo-osmotic stress. We found that other group I bZIP proteins have some HXRXXS motifs. bZIP29 has three motifs (S101, S174, and S321), bZIP30 has three motifs (S79, S149, and S300), bZIP18 has one motif (S38), bZIP52 has one motif (S39), PosF21 has one motif (S63), and bZIP69 has one motif (S78). Because of this fact, we propose the possibility that other group I bZIP proteins are also regulated by phosphorylation and 14-3-3 proteins similar to VIP1.
VIP1 has three HXRXXS motifs and phosphorylation of serine residues in these motifs is required for 14-3-3 protein binding. The VIP1 point mutation analysis suggests that the degree of VIP1 nuclear localization is related to the number of HXRXXS motifs with phosphorylable serine residues (Fig. 4A) . In addition, various degrees of phosphorylation are observed in VIP1 during mechanical/hypo-osmotic stress treatments (Fig. 1D ). Thus, it is possible that various VIP1 phosphorylation states, which would reflect the number of 14-3-3 dimers bound to VIP1, and the existence of various VIP1 cognate transcription factors could allow for the fine-tuning of mechanical/hypo-osmotic stress responses.
In conclusion, this study suggests that VIP1 subcellular localization is regulated by VIP1 phosphorylation state and 14-3-3 protein binding. The change in VIP1 subcellular localization is induced by mechanical and hypo-osmotic stresses, and both types of stress activate the same signaling pathway [4, 5] . Although we did not investigate mechanical stress signaling in detail, our findings suggest that at least, a mechanical stress signaling involves dephosphorylation of transcription factors. Further study is needed to fully understand the VIP1-related mechanical stress signaling pathway.
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